We report the retinal expression pattern of Ret, a receptor tyrosine kinase for the glial derived neurotrophic factor (GDNF) family ligands (GFLs), during development and in the adult mouse. Ret is initially expressed in retinal ganglion cells (RGCs), followed by horizontal cells (HCs) and amacrine (Levick, 1975; Masland, 2012; Wassle, 2004) . Classification criteria for RGC types include dendrite morphology, brain projections, response properties to visual stimuli, functions within the visual circuit and more recently, molecular markers
successful genetic approaches typically require random sparse recombination, transgenic integration effects, or combinatorial genetics involving more than one locus or combinations of genetic and viral drivers (Badea & Nathans, 2004 Badea, Wang, & Nathans, 2003; Feng et al., 2000; Madisen et al., 2015; Martersteck et al., 2017; Siegert et al., 2009; Zhu, Xu, Hauswirth, & DeVries, 2014) .
Tightly connected to the characterization of neuronal cell types, is the question of how these neurons develop, differentiate, and acquire their final distinctive features. One key mechanism involves transcription factors (TFs) that regulate the developmental programs of cell fate specification. The transcriptional cascade for RGC specification involves cell fate determination genes, typically active in the still proliferating neuroblasts (Atoh7/Math5) as well as RGC determining factors, such as Isl1 and Pou4f2/Brn3b (Brown, Patel, Brzezinski, & Glaser, 2001; Gan et al., 1996; Wang et al., 2001; Wang et al., 2002) . Previous work has established that three members of the Pou4f family, including Pou4f1/ Brn3a, Brn3b, and Pou4f3/Brn3c, participate in a combinatorial code of RGC type specification, in collaboration with several other TFs (Badea, Cahill, et al., 2009; Badea & Nathans, 2011; Shi et al., 2013) . The three Brn3 factors are expressed in partially overlapping populations of RGC types, and regulate distinct morphological and molecular features of these cells, either alone or in combination. In addition, Pou4f/Brn3 TFs are also responsible for specifying other types of projection sensory neurons, involved in somatosensation, the vestibular and auditory senses Erkman et al., 1996; Erkman et al., 2000; Gan et al., 1996; Wang et al., 2002; Xiang et al., 1997; Xiang, Gao, Hasson, & Shin, 1998) .
In addition to transcriptional control, the development and specification of sensory neurons requires neurotrophic support, provided in large part by ligands from target derived neurotrophins (NTs) and glial derived neurotrophic factor (GDNF) families, and their receptors. Mice carrying loss of function mutations in a variety of neurotrophins or their receptors exhibit loss of sensory neuron populations or specific types (Airaksinen & Saarma, 2002; Ernsberger, 2008; Marmigere & Ernfors, 2007) . The exact role of these neurotrophic factors in RGC development, however, is relatively poorly understood. All major neurotrophin receptors (TrkA, TrkB, TrkC, and P75) are expressed by RGCs in various stages of development. In particular, neurotrophin-3 (NT-3), brain derived neurotrophic factor (BDNF), and the BDNF receptor, TrkB, have been implicated in the development of dendrites, axons and physiological properties of RGCs (Cantrell, Cang, Troy, & Liu, 2010; Grishanin et al., 2008; Liu et al., 2007; Liu et al., 2009; Llamosas, Cernuda-Cernuda, Huerta, Vega, & Garcia-Fernandez, 1997) .
The roles of the GDNF family neurotrophins and their receptors in RGC development are essentially unexplored. Glial family ligands (GFLs) consist of four ligands (GDNF, Artemin, Neurturin, and Persephin) that bind selectively to four co-receptors, "GDNF family receptor-a "(GFRa 1-4), which are attached to the plasma membrane via a Glycosyl Phosphatidylinositol (GPI) anchor (Airaksinen & Saarma, 2002) . The signaling of the ligands through the GFRa receptors requires the receptor tyrosine kinase RET. Mice lacking RET have severe defects in kidney morphogenesis, megacolon (Hirschsprung disease) as a result of defects in the specification and correct migration of the enteric neurons, severe defects in sympathetic ganglion formation, and defects in specific somatosensory neuron subtypes, that is, pain receptors (nonpeptidergic nociceptors) and touch receptors (rapidly adapting mechanoreceptors) (Enomoto et al., 2001; Golden et al., 2010; Luo, Enomoto, Rice, Milbrandt, & Ginty, 2009; Luo et al., 2007; Ohgami et al., 2010; Uesaka, Nagashimada, Yonemura, & Enomoto, 2008) . and have morphological defects in the outer plexiform layer, at the level of synapses between photoreceptors, bipolar, and HCs. However, no defects in ACs or RGCs have been reported, and the exact AC and RGC types expressing RET have not been determined (Brantley, Jain, Barr, Johnson, & Milbrandt, 2008) .
Previous work had established an interplay between transcriptional regulation and neurotrophic support in somatosensory neurons of the Dorsal Root Ganglion and Trigeminal Ganglion, and for vestibular and auditory neurons of the Spiral and Vestibular Ganglion (de Melo et al., 2008; Huang et al., 2001; Huang et al., 1999) . Cross-talk of neurotrophic signaling and Brn3s or other TFs during RGC development still remain to be explored.
We now use gene expression profiling of RGCs, double immunostaining with a variety of markers, and sparse recombination in order to endogenous gene. An AP cDNA is inserted after the second loxP site.
Upon Cre mediated recombination, the endogenous gene is deleted and replaced by the AP reporter that is now expressed under the control of the endogenous locus. The Ret CFP allele is a conditional minigene knock-in (Uesaka et al., 2008) , containing the full Ret cDNA flanked by loxP sites and followed by a Cyan Fluorescent Protein (CFP) cDNA, knocked-in to exon 1 of the Ret gene. Cre recombination results in the loss of the Ret cDNA, and expression of CFP under the control of the Ret regulatory elements, faithfully reproducing the endogenous expression pattern of the Ret gene (Uesaka et al., 2008) . For this study, we used a germline-recombined allele, generated previously by crossing the conditional CFP line, Ret CKOCFP with Sox2
Cre , a Cre driver expressed in the germline. Tissues were derived from these germline recombined heterozygote Ret CFP/WT mice. The Ret CreERt2 knockin allele was generated by inserting the CreERt2 coding sequence in the first exon of the Ret gene, and results in Cre recombination in Ret positive neurons (Luo et al., 2009 Figure S1 ). Careful review of the literature has failed to reveal any phenotypic changes in Ret CFP/WT or Ret CreERt2/WT mice (Jain et al., 2006; Uesaka et al., 2008) . Pax6a:Cre is a transgenic line expressing Cre exclusively in the retina (Marquardt et al., 2001 ) were injected with 4 Hydroxytamoxyfen (4HT) I.P. to achieve random sparse recombination. Alternatively, to induce unilateral recombination, 4 HT was administered intravitreally in one eye. All mice were on C57/Bl6-SV129 mixed background. All animal procedures were approved by the National Eye Institute (NEI) Animal Care and Use Committee under protocol NEI640.
| AP histochemistry and morphometric analysis
Retina whole mounts and brain sections were stained, processed, and imaged, and RGC dendrites and axons were traced and quantified as previously described (Badea, Cahill et al., 2009; Badea & Nathans, 2004; Shi et al., 2013) . In brief, mice were anesthetized, fixed by intracardiac perfusion with 4% Paraformaldehyde (PFA), retinas were dissected and flat mounted, and 200 mm thick coronal brain sections were generated using a vibratome. Retinal flat mounts and brain sections were heat inactivated in a water bath at 658C for one hour, and then the AP histochemical stain developed. Low resolution images of brain sections were acquired on a Zeiss Discovery V8 Stereomicroscope, using a Zeiss Axiocam MRC color camera, and Axiovision software.
Color images of retinal flatmounts and DIC grayscale image stacks of individual RGC dendritic arbors were acquired using a Zeiss Imager.Z2.
Morphologic parameters were measured using ImageJ as described in (Morgan, Dhingra, Vardi, & Wong, 2006) . Neuronal arbor reconstructions were done using Neuromantic (Darren Myat, http://www.reading.ac.uk/neuromantic) and projections were generated using a Matlab (Mathworks, Inc.) script (Shi et al., 2013) . For each genotypic combination and condition, at least three mice were analyzed.
| Indirect immunofluorescence
For immunofluorescence, retina sections were processed and immunostained as previously described (Shi et al., 2013) . Briefly, retinas were immersion fixed for 30 min in 2% paraformaldehyde, cryoprotected in OCT, and sectioned at 14 mm thickness on a cryostat. For each genotype, retinas from three distinct animals were imbedded collectively in the same OCT block, and all staining procedures were carried out collectively on these slides. Images (203) were captured on a Zeiss
Imager.Z2 fitted with an Apotome for fluorescent imaging and Axiovision software. Number of analyzed retinas and collected images are indicated in each figure legend.
Primary antibodies used are listed in (Xiang et al., 1995) . According to the manufacturer's technical information, the antibody shows no reactivity to Brn3a knockout mice . On Western blotting, the antibody does not detect Brn3b or Brn3c. In rodent and monkey, the antibody labels the nuclei of Brn3a-positive RGCs and DRG neurons. Ret Rabbit polyclonal (IBL, cat # R787), was raised against an affinity-purified synthetic peptide for cterminus of human c-Ret (STWIENKLYGRISHAFTRF). This antibody is confirmed using immunostaining antibody stains Ret-ERT2 genetically labeled DRG neurons (Luo et al. 2009 ), and does not label knockout tissues (Uesaka et al., 2008 
| Gene expression profiling
For technical details regarding RNA expression profiling data we refer the reader to Sajgo et al. (2017 Figure 1a ), using an immunomagnetic protocol based on antibodies against AP (Sajgo et al., 2017) . Multiple RGC samples of same age and genotype were pooled and RNA extraction and library preparation performed. Sequencing was done on an Illumina platform, and gene and transcript level alignments performed (Sajgo et al., 2017) . Data in Figure   1a . In conjunction with previous data on cell type distribution in Brn3 1 RGCs, these results suggest significant cell type diversity for RGCs expressing Ret (Badea & Nathans, 2011) . We note that some CFP 1 RGCs in the GCL are also Isl1 positive ( Figure 2f ). However, since the RGC type distribution amongst Isl1 1 cells has not been explored, we did not further characterize this population.
The temporal dynamic of Ret expression described above is reminiscent of the dynamic expression of Ret in distinct neuronal populations in the DRG (early in mechanoreceptors versus late in nociceptors (Golden et al., 2010; Luo et al., 2009; Luo et al., 2007; Molliver et al., 1997) . We therefore defined the temporal profile of Ret induction dur- or both can be clearly seen already at E17, and increase in numbers through P3 (Figure 3b , d, f, h, j, l). Thus, Ret is first expressed in RGCs, followed by HCs and finally ACs. This pattern is consistent with the order in which these retinal cell classes are thought to be specified and develop their neuronal arbors.
| Morphological characterization of Ret 1 neurons
Although retinal cell type definition based on molecular markers is constantly improving, it is still lagging behind their classification based on neuronal arbor morphology. To further characterize Ret 1 retinal neurons based on morphology, we crossed a previously described The most diverse retinal population labeled in the Ret CreERt2/WT ; ROSA26 AP/WT retinas were RGCs. We imaged a total of 241 RGCs from retinas in which sparse recombination was induced at P14 and histological preparations were made in the adult (P21 and beyond, Figure   4b , c, summarized in Table 2 ). Out of these, 138 RGCs had monostratified ( Figure 6 ) and 103 had bistratified dendritic morphologies ( Figure 
| Dendritic morphologies of Ret
CreERt2/WT ; Brn3 CKOAP/WT RGCs
As described above, Ret expression in the GCL seems to be restricted to RGCs, and its cell type distribution is partially overlapping with the Brn3 TFs. In order to identify the RGC types that express Ret in conjunction with Brn3a, Brn3b, or Brn3c, we crossed the Ret CreERt2 allele to our previously generated Brn3 conditional knock-in alleles. We Figure 11f -i). We also observed one instance of an RGC with lamination at the boundary between the ON and OFF layers, and relatively unbranched, medium sized dendritic arbor (Figure 9c-c2 ). This is a cell morphology that we have rarely picked up in any of our previous work, so we provide this one observed example. Although the retina flat mounts were not oriented with respect to the dorsoventral and temporonasal axes, most RGC morphologies collected in this study show an eccentricity effect, that is, an increase in area correlated to the distance from the optic nerve (Figure 11i , m, q). These ipsilateral projecting RGCs seem to target mostly the OPN, and the "ipsi patches" of the dLGN and vLGN (insets in Figure 12e1 ), whereas the ipsilateral SC is largely devoid of projections (Figure 12e3 ).
| Brain projections of Ret

| D I SCUSSION
In summary, we use immunohistochemistry and random sparse recom- 
| Horizontal cell anatomy
Work from many labs had previously reported meandering morphologies of HC axonal processes (Boycott, Peichl, & Wassle, 1978; Kolb, Mariani, & Gallego, 1980; Nelson, von Litzow, Kolb, & Gouras, 1975; Peichl & Gonzalez-Soriano, 1994; Vaney, 1993) . To our knowledge this is the first large scale survey of intact HC arbor anatomies in the mouse. Our analysis of the relative size and position of HC dendritic arbors reveals interesting morphological features that are relevant to HC physiology. Thus, instead of connecting the two arbors on the shortest path, the axonal process seems to wander around for some distance, even if the dendrite and axonal arbors are in close proximity. This could be due to differential interleaving of retinal neuroblast columns between dendrite and axon arbors distorting the trajectory of the axon process randomly (Poche et al., 2008; Reese, Harvey, & Tan, 1995) . However it could also have physiological implications, as it has been suggested that the axon and dendrite arbor are electrically isolated from each other by the axonal process (Nelson et al., 1975) . Effective electrical isolation would require a minimal distance between the two arbors, in order to prevent passive current propagation. We did not detect any correlation between retinal distribution of HCs (e.g., distance from the center) and the size or relative position of axon and dendritic arbor, further supporting the impression that these two compartments function in an uncorrelated fashion, as previously proposed. If crossed into a Cre-dependent GCAMP reporter mouse, the sparse labeling of HCs could be used to center visual stimuli over either the dendritic or axonal arbor and record Ca events from the two arbors as well as Ca 21 spread across the axonal process, thus addressing the question of the electrophysiological isolation of the two arbors.
| Amacrine cell type distribution
Our study confirms the previous finding that Ret is expressed in ACs.
We further characterize the Ret 1 AC populations, and find that it can be subdivided in GABAergic, Glycinergic and a third population using some other neurotransmitter to be identified. Interestingly, a recently identified population of RET 1 spinal cord dorsal horn interneurons also uses GABA and Glycine as neurotransmitters (Cui et al., 2016) . Ret 1 ACs are neither DOPAminergic nor Cholinergic, and exhibit small area, dense dendritic arbors (Figures 4, 6b1) , reminiscent of the Glycinergic small size AC morphology (Menger, Pow, & Wassle, 1998; Pang, Gao, & Wu, 2012) . A population of RET 1 non-Gaba non-Glycinergic ACs with similar small field arbors, has been previously reported (Cherry et al., 2011; Kay, Voinescu, Chu, & Sanes, 2011) . The density and dendritic arbor size of Ret1 ACs argues against them being the recently identified Vesicular Glutamate transporter 3 -positive AC population (Grimes, Seal, Oesch, Edwards, & Diamond, 2011; Johnson et al., 2004) . our data set, the frequency of ON-alpha RGCs was about twice the one of small betta cells (Table 2) . This difference in frequency could be explained by the levels of expression of Ret in the different cell types, which in turn translates to larger amounts of CreERt2 protein, and hence higher likelihood of recombination for the same amount of available 4HT. Essentially all identified morphological cell types have been previously described by us and others for the mouse (Badea & Nathans, 2004 Coombs et al., 2006; Helmstaedter et al., 2013; Sumbul et al., 2014; Sun et al., 2002; Volgyi et al., 2009) , and by many groups in other species ( ON-alpha cells (Krieger, Qiao, Rousso, Sanes, & Meister, 2017; Pang, Gao, & Wu, 2003; van Wyk, Wassle, & Taylor, 2009 of ON-alpha RGCs in this genotype), they were consistent enough to raise the possibility that these OFF arbors are more than a developmental artifact. Interestingly, our previous analysis of Brn3b CKOAP RGCs had failed to highlight the ON-alpha morphology, although they may (Badea & Nathans, 2011) . As previously reported, ON-alpha morphologies were not observed in the Brn3a or Brn3c subsets.
OFF-alpha cells stratifying in close proximity to the INL (Krieger et al., 2017; Pang et al., 2003; van Wyk et al., 2009) fig. 2c cell "b") (Badea & Nathans, 2011) .
The alpha denomination is somewhat tentative, as they appear to be smaller in area than their ON homologues, and have somewhat denser dendritic arbor morphologies.
OFF-DS morphologies (Kim, Zhang, Yamagata, Meister, & Sanes, 2008 ) represented a small fraction of both Ret A second bistratified RGC population, reminiscent of morphologies reported as small bistratified or color opponent in the monkey (Crook et al., 2009; Dacey & Lee, 1994) , uniformity detectors, or suppressed by contrast cells (Mani & Schwartz, 2017; Tien, Pearson, Heller, Demas, & Kerschensteiner, 2015) (Badea 2011, fig. 2C-m) . Although the stratification levels of both ON and OFF arbors are consistent with the aforementioned "e" cell, the density and size of the OFF arbor is highly variable, based on the number of dendrites leaving the ON arbor and their degree of branching (see Figures 7a2-a3, 9a2-a3 ). In addition, both cells "e" and "m" in the 2011 study had a large degree of recursive dendrites, defined as stratifying in the ON arbor, but being derived from branches in the OFF arbor. By comparison, the reconstructions in the current study show only a limited amount of recursiveness, and the OFF dendrites are many times limited to simple branches, that descend vertically towards the INL without spreading widely in the OFF lamina.
It should be noted that, in guinea pigs, which, like mice, exhibit cone photopigment gradients across the retina this type of morphology was
shown not to possess strong color opponency (Yin, Smith, Sterling, & Brainard, 2009) .
A further large bistratified RGC population was represented by only six occurrences in the current study, one in the general Ret Melanopsin positive ipRGC, (Ecker et al., 2010; Schmidt & Kofuji, 2011) . Interestingly, the M1 and M2 ipRGC morphologies were not observed in either the general Ret 1 dataset (241 RGCs) or in the intersections with any of the Brn3 1 populations (some 300 further RGCs), nor were they observed in the further many retinas derived from these genotypes, that we stained and imaged but do not report
here. This fact is significant, as a set of retinorecipient targets classically associated with ipRGCs can be observed in the coronal sections of Ret CreERt2/WT ; Brn3b CKOAP/WT RGCs, namely the dorsolateral aspect of the SCN, the OPN, and the IGL (Chen, Badea, & Hattar, 2011; Hattar et al., 2006; Hattar, Liao, Takao, Berson, & Yau, 2002) .
Therefore, the large bistratified, putative M3 cells would be candidates for innervating the three targets. However, it should be noted that Melanopsin expression is thought to also occur in ON alpha RGCs (also known as M4), at least in crosses of Opn4Cre 3 Z/AP (or Z/EG) mice (Ecker et al., 2010; Estevez et al., 2012) , and ON-alpha cells are one of the major populations labeled in both the general . Similar morphologies were previously reported in other species (Berson, Pu, & Famiglietti, 1998; Puller, Manookin, Neitz, Rieke, & Neitz, 2015; van Wyk, Taylor, & Vaney, 2006) . RGCs with similar dendritic arbor size and density were recently described as Foxp2 positive cells (Rousso et al., 2016) and/or sensitive to various aspects of object motion (Jacoby & Schwartz, 2017) , however the lamination reported in these studies is somewhat more scleral than ours, perhaps in the lamina comprised between the ON-OFF IPL limit, and the OFF ChAT band. Figure 12a3-c3) . Somewhat unexpected is the strong but very diffuse staining in the Pretectal Area (PTA; Figure   12f2 ). The physiological characteristics assigned to RGCs with similar dendritic morphologies in mice and other species range from Local Edge Detector to visual pursuit error signaling, but seem to generally be related to motion detection (Berson et al., 1998; Jacoby & Schwartz, 2017; Puller et al., 2015; Rousso et al., 2016; van Wyk et al., 2006) .
The axonal projection into SC, PTA and the outer shell of the LGN would therefore be appropriate, as there is evidence that this subdivision of the LGN is involved in motion processing. Our genetic intersection tools should give us access to the more complete characterization of this RGC type, and the study of its circuit function by ablation studies.
Finally we note that, whereas Brn3a 1 and Brn3c 1 RGCs send their axons largely to the contralateral side, a subpopulation of Brn3b 
| RET and other neurotrophic signaling involvement in retinal cell type specification
Combinatorial Pou4f/Brn3 transcription factor expression is characteristic for the projection sensory neurons of visual, auditory, vestibular, and somatosensory systems, while neurons in the olfactory and taste pathways do not seem to express or require these TFs (Badea & Nathans, 2011; Badea et al., 2012; Dykes, Lanier, Eng, & Turner, 2010; Erkman et al., 1996; Sajgo et al., 2017; Zou, Li, Klein, & Xiang, 2012) .
Work done mostly in the somatosensory system suggests an important role for neurotrophic support in fate determination, survival, and neurite development of neuronal cell types (Airaksinen & Saarma, 2002; Ernsberger, 2008; Marmigere & Ernfors, 2007) . Ichikawa, Mo, Xiang, & Sugimoto, 2002 Ichikawa, Mo, Xiang, & Sugimoto, 2005; Ichikawa et al., 2002; Ichikawa, Yamaai, Mo, Xiang, & Sugimoto, 2002; Zou et al. 2012) . It is thought that Brn3a is directly regulating TrkA expression (Huang et al., 1999; Wiggins et al., 2004 ).
In the retina, the Dlx1 TF, co-operates with Brn3b in the establishment of RGC and AC cell fates and regulates TrkB expression, and therefore could modulate the role that TrkB, and its ligand, BDNF, are playing in RGC dendrite specification and hence light response properties (de Melo et al., 2008; Liu et al., 2007; Zhang et al., 2017) . In the somatosensory system, RET and some of its GFRa co-receptors are known to be required for the specification of nonpeptidergic nociceptors and some mechanoreceptor subtypes (Golden et al., 2010; Luo et al., 2009; Luo et al., 2007) . A thorough study of retinal Ret and GFRa expression revealed localization of Ret in HCs, ACs and RGCs and demonstrated a functional requirement for Ret in the synapses formed at the level of the OPL between photoreceptors, bipolar cells and HCs (Brantley et al., 2008) . We now find that Ret has a very specific pattern of expression amongst subtypes of both ACs and RGCs in the adult retina. Loss of Brn3a or Brn3b from Brn3a AP or Brn3b
